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ABSTRACT
A new technology for joining advanced composite piping systems, based on heat- 
activated coupling (HAC) of a thermosetting pre-impregnated (prepreg) fiber reinforced 
material has been advanced. The successful design of a heat-activated coupled joint 
depends on achieving the following requirements: I) uniformly cured prepreg bonded to 
the surfaces of coupled pipe; and 2) minimal residual thermal stress as a result of the curing 
process.
hi order to address the above concerns, thermal characterization of the uncured and 
cured prepreg used was undertaken in order to establish prerequisite chemical kinetics 
parameters and material property data required for the curing process models and thermal 
stress analysis. The validity of the developed curing process models was verified by use 
of an experimental test section designed for that purpose and experimentation to produce 
benchmark curing process temperature data.
Fundamental heat transfer process models were developed to simulate the curing 
process used in HAC. The model developed takes into account the nonlinear heat 
conduction arising from some temperature dependent material properties, chemical kinetics 
and moving thermal boundary of the prepreg's organic matrix before gelation. A solution 
methodology derived using finite difference numerical computation was applied to the 
resulting one- and two-dimensional parabolic boundary value problems to obtain numerical 
solutions.
Curing residual and in-service thermal stress analysis were also conducted on the 
coupled pipes using a commercial finite element analysis (FEA) code and equivalent
xi
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material property data. The curing residual stress FEA model was validated by benchmark 
data from experimentation designed to ascertained FEA model results.
FORTRAN programs were written based on the finite difference numerical 
formulation and used to generate numerical simulation results of the curing process of 
HAC. Results obtained from the numerical simulation models compare favorably with the 
data from experimentation. The developed thermal models were incorporated into a curing 
process parametric study on composite-to-composite HAC couplings and used to establish 
desired curing schedules to achieve uniform cure and minimal thermal stress during the 
process.
xii
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CHAPTER 1 
INTRODUCTION
1.1 Introduction and Background
The advantages of composite piping systems over their traditional alloy 
counterparts used in the offshore oil and gas industries are well recognized. A recent paper 
by Pang et al. (1997) discusses economical advantages to be gained when composite 
materials are used in a water platform design such as the Tension Leg Platform (TLP). 
Savings in use of composites are due to its light weight, lower installation and horsepower 
requirements, inspection, and corrosion resistance. These savings can be realized if 
composite piping systems utilizing reliable joining methods and lower cost fittings are 
used. The recommended joining methods now in use are the adhesive bonded, mechanically 
fastened, and butt-weld joints. However, there is a lack of confidence in this present joint 
technology because composite fittings are expensive, labor intensive and reliable joining 
methods with other materials are limited to flange-to-flange connections. Therefore, there 
is a need for extensive research work on joint technology of composite piping systems so 
that remaining barriers are removed for savings to be realized. A new joining technology, 
the Heat-Activated Coupling (HAC) currently under development addresses some of the 
technical barriers which now exist. As described by Stubblefield et al. (1997), this 
approach involves a prepreg laminate made of thermosetting resins impregnated with 
fiberglass reinforcements placed over the pipe to be joined. By applying heat to the 
laminate at an appropriate cure cycle temperature, the thermoset resin cures and the
1
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laminate shrinks to seal the joints. This simple technology is plagued with a critical 
technical barrier; that is, the cure of the epoxy matrix is not complete and uniform through 
its thickness. This is further complicated when joining composite to alloy. The vastly 
different thermal conductivities and different coefficients of thermal expansion values 
result in large temperature gradients between the composite and the alloy. This inhibits 
bonding of the prepreg material to the pipe’s surfaces; consequently, leakage develops often 
from these joints under normal or less-than-loading conditions. To thoroughly investigate 
these anomalies requires thermal analysis models for predicting curing process parameters 
and thermal stress models for failure analysis. However, these models have not been fully 
developed to the author’s knowledge.
Such factors highlight the need for additional research in the use of the heat- 
activated coupling for advanced composite piping systems, hi order to address this, a 
fundamental research approach has been undertaken in which the heat transfer processes 
associated with curing of fiber reinforced thermosetting composite is taken into 
consideration and extended into a model for the HAC process. The thermal analysis results 
are incorporated with a thermal stress analysis study to further enhance the in-service 
performance of the HAC joint
1.2 Goals of Study
The emphasis of this study was on the following activities with the goal that it 
would lead to an improved HAC for composite-to-composite or composite-to-alloy pipe 
joint with enhanced thermal and mechanical properties.
• Develop heat transfer models to predict the temperature profiles for the curing
2
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Process of the Heat Activated Coupling.
• Develop thermal stress analysis models that can be used to investigate effects of 
curing residual stress and varying thermal environment with static loading.
• Perform experimentation to establish an empirical chemical kinetics model for the 
polymerization reactions taking place in situ during the curing process.
• Design and perform experiments to establish a benchmark database to check the 
validity of the analytical/numerical models predictions.
• Conduct a parametric study to investigate the influence of processing parameters 
for optimization of the curing process.
Research Objectives
The research objective of this study was to develop heat transfer models to simulate 
and analyze the curing process of HAC. These models will be used for predicting degree 
of cure and temperature profiles within the axisymmetrical prepreg laminate used as the 
bonding material for the composite-to-composite (C-C) and composite-to-alloy (C-A) pipes 
to be joined. As a consequence of this study, a solution algorithm is developed for solving 
coupled nonlinear parabolic boundary value problems with chemical kinetics. Furthermore, 
based upon the thermal analysis results, a residual thermal stress analysis of the HAC joint 
will be performed- Finally, a curing process optimization algorithm for the heat drive unit 
that will be capable of adjusting heat input for an optimum cure has to be established.
This dissertation is arranged into seven chapters. Following, the introduction of 
Chapter 1, a literature survey on the current state of knowledge in the field of thermosetting 
composite materials is presented in Chapter 2. Experimental work carried out to establish
3
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benchmark database for validation and empirical formulation of models is presented in 
Chapter 3. In Chapter 4, the heat transfer mathematical models to predict the temperature 
profiles for the curing process is developed. Chapter 5 considers the curing and in-service 
performance thermal stress of the joint. Presented in Chapter 6 is the parametric study and 
optimization algorithm for the heat-activated coupling. Finally, in Chapter 7. concluding 
remarks and recommendations for future work are discussed.
4
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CHAPTER 2 
REVIEW OF LITERATURE
2.1 Scope of Literature Review
In order to establish the state of knowledge of modeling curing processes and 
thermal stress investigations involving thermosetting composites, a literature review was 
conducted and is presented in this chapter. In particular, modeling and simulation of 
thermal energy transfer in thermosetting composites materials used in various 
manufacturing processes involving thermosetting composites is presented. The following 
topics are discussed in this literature review:
Modeling Heat Transfer in Thermosetting Composite Layers.
• Kinetic Models for Curing Processes
• Optimization of and Control of Curing Processes
• Modeling Heat Transfer in other Materials with Temperature Dependent 
Properties
• Thermal Stress Analysis in Thermosetting Composites
2.2 Modeling Heat Transfer in Thermosetting Composite Layers
In order to reduce the costs involved in large scale experimental evaluations, 
research has been directed at modeling and simulation of various aspects of the curing of 
thermosetting composite parts such as the extent of reaction in the matrix phase, resin flow 
and void suppression. During the curing process of a pre-impregnated resin fiber composite
5
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(prepregs), the prepreg acts as a heat conductor and also a heat source. This is due to its 
exothermic material property; that is, it releases energy which is then conducted away 
within the matrix. The thermal conductivity of the prepreg may not be constant during the 
curing process because of polymerization cross-linking reactions occurring inside the 
prepreg organic matrix resin. Thus, a transient heat conduction phenomenon coupled with 
cure kinetics of the polymerization must be incorporated in order to model the curing 
process of the prepreg layer. This approach has been used by various researchers in 
modeling the heat transfer of the curing process in thermosetting polymer composites and 
is described in the following reviews. The earliest investigations of modeling curing of 
polymer-based materials were restricted to one-dimensional systems such as flat plates 
Loos and Springer (1983), or axisymmetric thick-walled cylinders, Hjellming and Walker 
(1989). The systems investigated had constant thermal properties and simulation models 
were easily computerized. In a benchmark study on the curing of composites with 
thermoset resins, a comprehensive one-dimensional model to describe the curing of flat 
plate unidirectional AS4/3501-6 graphite/epoxy laminate was developed by Loos and 
Springer (1983). The model integrated sub models which described the fundamental 
mechanisms associated with the curing process such as thermo-chemical interactions, resin 
flow and void formation. Governing equations were solved with an implicit finite 
difference method. Temperature, degree of cure, resin flow and void size, among other 
processing variables, are predicted as a function of the autoclave cure cycle history. 
Experimental verification of the model was performed and results were in good agreement 
with simulated predictions. The thermo-chemical model for a flat plate as presented by
6
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Loos and Springer (1983) is as follows:
dT d n  dT . ry
( 2 J )
where p and c are the density and specific heat of the composite, k is the thermal 
conductivity in the direction perpendicular to the plane of the composite, and T is the 
temperature. H is the rate of heat generated by chemical reactions.
In another study, Hjellming and Walker (1989) considered autoclave thermal 
curing cycles for long cylinders which have thick walls. By using the thermo-chemical 
model developed by Loos and Springer above, they present autoclave temperature histories 
to cure thick-section composite cylinders with graphite fibers and thermoset resins. The two 
cylinders considered have wall thicknesses of 0.15 m and 0.3 m. By assuming the cylinder 
is sufficiently long such that axial thermal conduction is negligible, the thermo-chemical 
model as presented is as follows:
ar x d , ar, da
) +— — (2.2)
dt r dr dr c dt
for r, ^ r £ r2 and for 0 £ t < «. The thermal diffusivity x = k/pc, where k , p and c are the 
thermal conductivity, density and specific heat of the composite. The variable a  represents 
the degree of cure and the quantity Hr/c represents the temperature increase due to adiabatic 
release of the heat of reaction.
Bogetti and Gillespie (1991), extended the one-dimensional model in Eq. (2.1) by 
developing a simulation model for anisotropic heat transfer coupled to cure kinetics of the
7
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polymer-based material. The authors investigated the two-dimensional cure simulation of 
thick thermosetting composites made of glass/polyester and graphite/epoxy laminates. The 
heat conduction equation for two-dimensional, transient anisotropic heat transfer was 
coupled to the cure kinetics of the thermosetting composite material. Their model is 
referenced here for completeness as:
<xn ~ - k ^ 2k^ k^ - ' g  f o r e D  ( 2 J )
where D is the domain of interest defined in an orthogonal (x, z) coordinate system. The 
term g represents internal heat generation and k^, k^, and k^ are the effective anisotropic 
thermal conductivities. An incremental, transient finite difference method was implemented 
to solve the governing equations and boundary conditions.
A generalized approach to modeling curing of thermosetting composites has been 
done in terms of non-dimensional groups based on the process and product parameters. The 
non-dimensional approach reduces the large number of process and product variables 
involved, to a few dimensionless groups, and eliminates the need for a system-specific or 
product-specific model. Such an approach has been used by Broyer and Macosko (1976), 
Pitchumani and Yao (1993), and Hojjati and Hoa (1995). Broyer and Macosko (1976), 
proposed a theoretical model for curing in polymer reaction molding operations like 
casting, potting, lamination, thermoset molding, or reaction injection molding. Two - 
dimensionless groups, the adiabatic temperature rise and the ratio of polymerization rates 
to heat a conduction rate were identified as significant in the model. In terms of non-
8
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dimensional parameters the energy equation in Cartesian coordinates may be written as 
follows according to Pitchumani and Yao (1993).
The kinetic model chosen for the study was a simplified Arrhenius type first order rate 
equation expressed in the non-dimensional form as follows:
In Equation (2.6), the variable representations are as follows: T0 is the initial temperature 
of the prepreg, T is the temperature at any time, t; and r  is the dimensionless time; a 
denotes the degree of cure, A„ and Eo are respectively the pre-exponential (frequency) factor 
and the activation energy of the reaction. The other non-dimensional groups appearing in 
Equation (2.6) are, A„, E0, and B0. A,, is a Damkohler number which represents the ratio 
of the conduction time scale (LVeJ to the reaction time scale (1/AJ. E„ is the 
dimensionless activation energy. B„ is a dimensionless adiabatic reaction temperature,
(2.4)
Equations (2.4) and (2.5) employ the following dimensionless groups
(2.6)
9
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which represents the temperature rise potential due to the heat of the reaction, AHR. The 
parameters kg, ae, (pc)e refer to the “effective” thermal conductivity, “effective” thermal 
diffusivity, and the “effective” volumetric specific heat of the composite material 
respectively. These parameters were calculated as the volume average of the fibers and the 
resin in the composite materials by the authors. The authors developed an alternating 
direction implicit finite difference scheme to solve the non-dimensionalized governing 
equations.
Hojjati and Hoa’s (1995) approach centered on constructing model laws based on 
the dimensionless parameters which were obtained from the non-dimensional heat 
conduction and the non-dimensional kinetic equation together with associated non- 
dimensional initial and boundary conditions, hi another investigation involving the 
manufacture of organic matrix composites, modeling of the tape layering process was 
developed by Sarrazin and Springer (1995). The developed model relates the applied 
heating, applied pressure, tape laying speed, and mold material to the thermo-chemical and 
mechanical response of the material.
Computer simulation and experimental study have been conducted to investigate 
the thermal behavior of a 5 cm thick, unidirectional AS4/3501-6 graphite/epoxy composite 
laminate by Twardowski et al. (1993). A one - dimensional model in rectangular coordinate 
used by the authors was similar to that of Hjellming and Walker (1989). In an experimental 
approach, Harper et al. (1993) studied the influence of temperature and pressure in the 
curing of a unidirectional prepreg material. It was observed that as the curing pressure was 
increased, the density and fiber volume fraction increased. It was also observed that at a
10
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low curing temperature, the viscosity of the resin was high. Results suggest that although 
the manufacturer’s suggested curing parameters are given, personal trials must be done to 
determine the optimum conditions required for a particular application.
Recently, in order to improve the manufacture of composites by the pultrusion 
process, Chachad et al. (1996) formulated a model for the process based on a finite 
difference technique used by Patankar ( 1980). Temperature and degree of cure distributions 
for the manufacture of fiberglass-epoxy composite materials with irregular Cartesian 
geometries in three dimensions were predicted and compared with experimental data.
hi a search for literature directly related to the HAC technology, no citations were 
found except for Stubblefield’s et al. (1997) and Pang et al. (1997) from which this work 
has emanated. These investigator’s research efforts involved the development of the HAC 
manufacturing process, and hydro and mechanical testing of the manufactured joint. 
Experimental results are presented for the heat activated coupling of composite-to- 
composite pipe. In addition, they conducted three point bending tests of coupled pipe 
samples fabricated with the following joint configurations; i) a three layer wrap tapered or 
non-tapered wrap ends and ii) four layer wraps also with tapered and non tapered ends. 
These configurations were compared with pipes joined by the adhesive and butt-weld 
joining method. The results (Figure 2.1) show an overall increase of 32% over the butt- 
welded pipe.
2.2.1 Generalized Boundary Conditions
In all the above models, temperature boundary conditions can be described in terms 
of a generalized simulation of the curing cycle that depends on the method employed to
11










Measurements in N-m 
H  Bending Strength
Figure 2.1 Comparison of Different Joint configuration 
Under Three Point Bending (Stubblefield et aL (1997))
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heat the thermosetting material. Either Dirichlet, Neumann, or Robin boundary conditions 
may be enforced on the domain boundaries. Many authors have presented various forms 
of the generalized boundary condition; a formulation discussed by Lapidus and Pinder
(1982) is expressed mathematically as:
37*
-a— Z +bT +cT(t) =0; T(r^t) e D (2.7)
d/i
where D represents the domain boundary or part surface. The surface boundary temperature 
is T, and n is the outward unit normal to the domain surface. The coefficients a, b, and c 
define the effective heat transfer across the domain boundaries. The expression T(t) in the 
equation is interpreted as either the curing process cycle temperature or the boundary 
surface temperature, depending on the values of a, b, and c specified. Table 1 summarizes 
the three possible boundary conditions obtainable from this generalized formulation.
Table 1 Generalized Boundary Condition Coefficients
Dirichlet (prescribed) a = 0 |1 o = i 1 c - 1
Neuman (insulated) a=  1
oIIX) c = 0
Robin (convective) a=  1 b = (h/kU c = -(h/kjrf,
2.2.2 Summary of Modeling Heat Transfer in Thermosetting Composite Layers
The following conclusions can be elicited based on the state of knowledge on the 
modeling of manufacturing processes and thermo-chemical simulation models for the 
curing of thermosetting composites:
• Modeling of manufacturing process is well established for an autoclave cured .
13
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• Models for unconventional curing processes are limited to the particular process.
• Constant thermal properties are assumed in simulation models.
• Single component composite materials with variable fiber orientations have been 
considered.
• Mechanical aspects of the HAC joint are very promising but theoretical-based 
models must be developed to compliment the hands on, trial and error, 
manufacturing process.
To summarize, even though the methodology of modeling the curing of 
thermosetting composites is well established, adaptations and modifications have to be 
made for new organic matrix material, non-conventional curing, and manufacturing 
processes as in this study. Furthermore, complications arising from coupled nonlinear 
system models because of temperature dependent material properties must be addressed. 
23  Kinetic Models for Curing Process
Several kinetic models have been proposed for use in the simulation of the curing 
process in thermosetting materials. Complex models based on a semimechanistic approach 
have been reported by Stevenson (1986) and Batch and Macosko (1992). However, these 
models arc usually quite impractical for engineering purposes due to difficulty in obtaining 
the model parameters. An alternative to the fundamental models are empirical or 
phenomenological models formulated in terms of the degree of cure (also referred to as 
degree of conversion), which are easier to apply in a practical case. Assuming that all the 
physical properties are constant and the reaction goes to completion, the degree of cure can
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be defined according to Barton (1985) and Gebart (1994) as;
“ (f)   (2 J )
P#*,,
where q, is the heat production per unit mass by chemical reactions; p, the density of the 
composite, and HIot, the total amount of heat that is released per unit mass if the reaction 
is allowed to progress until completion. The cure rate (da/dt) which is obtained from the 
degree of cure is a time and temperature dependent function of the reacting material system 
and is typically determined empirically with isothermal Differential Scanning Calorimetry 
(DSC) techniques. The following general expression is often used in the analysis of DSC 
kinetic data as given by Barton (1985) and Montserrat et al. (1995):
da  .
—  =KM) (2.9)
where at a given time and temperature, K is assumed to be of the Arrhenius form:
K=Acxp(--j^) (2.10)
with A, the pre-exponential factor; E, the activation energy; and T, the absolute 
temperature. The function f[a) represents the kinetic model and various forms of it are 
discussed as follows. The simplest form of /(a )  is the so-called nth-order kinetic model 
proposed by Broyer and Macosko (1976), Barton (1985), Montserrat et al. (1995).
ftot)=( l - a ) n (2.11)
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This model when inserted into Eq. (2.9) describes how the rate of reaction depends on the 
degree of cure and temperature. Kenny and Trivisano (1991) slightly refined this model to 
take account of diffusion controlled phenomena by substituting a temperature-dependent 
function inside the parenthesis:
^ a )=(a max-a )rt (2.12)
The above models are unable to model the maximum in the rate of reaction for intermediate 
value of a, Gebert (1994). The two-parameter autocatalytic model (Sestak-Berggren 
equation) can be used to describe autocatalytic behavior that is a characteristic of the epoxy 
matrix being used in this study Montserrat et al. (1995). Equation (2.13) is a representation 
of this model.
Aa)=am( l-a ) "  (2.13)
Another empirical kinetic model that is widely used is given as follows:
^  = (Kl+K^am)( l-a )n (2.14)
dt
K, is as defined in Equation (2.10). This equation has been used by Dusi et al. (1987) for 
Fiberite 976 resin and also recently by Kim and Lee (1996) for a carbon fiber epoxy. The 
modified Arrhenius equation for rate of curing represented by;
— = (Kx+K^a)(\-a)(B-a.) fo r  a z 0.3
l a  (2-15)
— = K J l-a )  fo r  a >0.3
dt 3
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has been used by several authors for graphite/epoxy resins, Lee et al. (19S2), Loos et al.
(1983), and Ciriscioli et al. ( 1992). In this equation, Kj, with i = 1, 2 or 3, is defined as in 
Equation (2.10), and B is a constant independent of temperature.
23.1 Summary of Kinetic Models for Curing Process
Various empirical kinetics models have been developed but are only applicable to 
specific fiber resin systems. In a search for literature on a model applicable to E- 
glass/Epoxy - UF3325 prepreg, none was found. Thus the kinetic parameters of the prepreg 
to be used in this study had to be established.
2.4 Optimization and Control of Cure Cycles
The heat drive unit used in the Stubblefield et al. (1997) study on HAC of 
composite pipes does not automatically adjust heat input. Hence, in the case of joining 
composite-to-alloy pipes heat loss from the alloy cannot be compensated and results in an 
improperly cured joint. In other processes, efforts to optimize and control cure cycles for 
large scale manufacture of thermosetting resin composites have been implemented recently 
by Kalra et al., (1992) and Choi and Lee (1995). As an improvement to off-line empirical 
or model-based methods of cure cycle determination, Kalra et al. (1992) developed an 
automation approach for control of autoclave cure of graphite-epoxy composites.
Choi and Lee (1995) developed an expert cure system which controls the 
temperature and pressure of the autoclave according to several rules to manufacture better 
composite parts in shorter curing time. The rules were based on the on-line measured 
quantities such as the dielectric properties, temperature of the composites and the pressure 
of the autoclave. The authors compared the curing time and the mechanical properties of
17
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the composite materials manufactured with the expert cure system to those of specimens 
manufactured with conventional cure cycles. It was found that the composite materials 
manufactured with the expert cured system had slightly higher tensile modulus than those 
of composite materials manufactured with the conventional cure system. Martinez (1991) 
presents a quick cure schedule for 25.4 mm thick laminated graphite/epoxy composite. The 
author developed a numerical optimization scheme based on a process model that accounts 
for the type of tooling used to calculate the time-optimal cure schedule.
To automatically control the curing of resin matrix composites, Yokota (1978) 
evaluated a dielectric viscosity monitoring technique which was applied to autoclave- cured 
resin matrix composites.
2.4.1 Summary of Optimization and Control of Cure Cycles
Research efforts center on developing optimization algorithms that involve process 
parameters for autoclave-cured composites. Parametric studies involving process 
parameters such as thickness, cure cycles, and processing time have not been conducted on 
the HAC process. Automatic control of the HAC has not yet been developed. Thus, a 
systematic parametric study will be in order for the enhancement of the curing process for 
the HAC joint. This will allow for the selection of the most appropriate cure cycles, joint 
thickness configuration, and optimum processing time.
2.5 Modeling Heat Transfer in other Materials with Temperature Dependent
Properties
This section deals with previous work related to heat transfer in materials with 
temperature dependent thermal properties. This subject has been an area of intensive
18
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research over the years because there are a number o f the engineering applications that 
involve these materials. In some applications the materials used can be classified as having 
limited chemical reactions within their matrixes; as such, the problem is a pure conduction 
one. On the other hand, within the matrix of other materials, thermal transport due to 
chemical reactions must also be accounted for.
Meric (1979) analyzed the boundary control problem of optimal heating of an 
infinitely long slab with temperature-dependent thermal conductivity, subjected to a 
convection and radiation boundary conditions. Finite element and conjugate gradient 
methods were used for this nonlinear optimal heat transfer control problem.
Orivuori (1979) presents a computer implementation of nonlinear heat conduction 
problems based on discretizing the heat equation in space domain using the Galeririn 
method. The modified Crank-Nicolson method was then applied, leading to a two-point 
recurrence scheme for the nodal temperatures.
25.1 Summary of Modeling Heat Transfer in other Materials with Temperature
Dependent Properties
The main differences in these and other models are the geometry, method of 
solution and boundary conditions of the boundary value problem. While the majority of the 
problems were in a curvilinear coordinate system, a few were in axisymmetrical cylindrical 
coordinates. Furthermore, because of the temperature dependent thermal properties, the 
resulting parabolic partial differential equation (PDE) was nonlinear and had to be solved 
by approximate analytical methods or numerical methods. Methods of solution include 
perturbation methods, finite difference techniques and finite element modeling.
19
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2.6 Thermal Stress Analysis In Thermosetting Composites
2.6.1 Residual Thermal Stress Analysis
The deleterious effects on the structural performance of polymer matrix composites 
due to residual stresses (curing stress) which are induced by temperature change after the 
fabrication process are well known, as discussed by Vinson and Sierakowski (1993). 
Typical plots of ultimate strength, yield stress, and modulus of elasticity with temperature 
are shown in Figure 2.2. These arise because of the difference in axial and transverse 
elastic properties of materials with unidirectional fiber reinforcement. The residual stresses 
can be large enough to cause ply failure in the absence of applied stress or premature failure 
upon a loading condition. Previous investigators have proposed various analytical 
techniques for predicting the magnitude of these stresses, Hahn and Pagano (1975), Hahn 
(1976), Griffin (1983) and Pipes et al. (1993). Hahn and Pagano (1975) formulated a 
method based on total stress-strain temperature relations to determine the curing stresses 
in boron/epoxy composite laminates. They showed that their method was preferable to the 
incremental method because the former requires the thermal strains and stress-strain 
relations only at the final temperature.
Hahn (1976) presented a formulation for the analysis of residual stresses under the 
assumption of elastic behavior and within the framework of laminated plate theory. The 
formulation presented includes both the curing stress resulting from fabrication and the 
swelling stress due to moisture absorption. The author compared the analytical results with 
experimental data for [0/±45] (this represents the stacking sequence of a two- ply laminate
20





Figure 2.2 Modulus of Elasticity (E) and 
Stress (o) as Functions of Temperature 
(Vinson and Sierakowski (1993))
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with the first ply having a O-degree orientation; followed by next ply with a 45-degree oren 
a ply with - 45-degree orientation) laminates of various material systems and found that the 
residual stress free temperature can be lower than the curing temperature. Griffin (1983) 
performed a fully three-dimensional finite element analysis of curing stresses in symmetric 
cross-ply ([0/90]*) (stacking sequence for 0-degree and 90-degree symmetric laminate) 
laminates with emphasis on determining the stress distributions for a number of known 
constitutive models. That is, constant temperature and ‘coupled’ (stress-dependent) 
constitutive models were examined.
Tsai and Hahn (1980) give the following residual stress model in a given ply for a 
symmetric laminate:
where ctj is the thermal expansion coefficient, T„ is the ambient temperature and T is the 
temperature in the ply at the end of the cure given by the thermo-chemical model. In an 
experimental procedure of interest to this study, Daniel et al. (1971) developed an 
embedded strain gage technique for measuring subsurface strains in boron/epoxy 
composites. Tests conducted to establish the feasibility of the technique demonstrated that 
conventional foil gages do not produce local thickening of the specimen when a patch of
o. = Q (e - e )t * ^ i /v oj y (2.16)
Qy is the modulus as defined by Tsai and Hahn (1980). The strain e, is
(2.17)
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scrim cloth was removed, do not change the average material properties, and do not reduce 
the strength of the specimen.
2.6J2 Thermal Stresses Resulting from In-Service Use Applications
The thermal response of composites is an important consideration not only in 
fabrication and processing but also for material durability and long-term performance. 
However, owing to the mathematical complexity in dealing with the thermal elastic 
problem of an anisotropic m edia, only a very limited number of solutions are available.
The strengths of adhesive bonded joints and bolted joints subjected to static loads 
and some dynamic or thermal loads have been investigated experimentally or analytically 
using FEM, BEM, and the theory of elasticity by researchers such as Nakano et aL (1992). 
Temma et al. (1994), and Long et al. (1993). In other studies. Ootao et aL (1991) 
developed the analytical models for the research on three-dimensional, axisymmetric. 
transient, thermal stress problem o f a multilayered composite laminated cylinder. 
Temperature changes in the radial and axial directions due to axisymmetric heating from 
the outer and/or the inner surfaces was considered, hi their analytical solution, the methods 
of Fourier cosine transform and Laplace transform were applied to the temperature field 
and the thermoelastic potential function, hi addition, Love's displacement function was 
applied to the thermoelastic field. The theoretical methodology developed was applied to 
the analysis of a hollow cylinder with nonhomogeneous material properties and the effect 
of relaxation stress values in a nonhomogeneous cylinder was examined. In so doing, the 
investigators established an analytical method of an axisymmetric thermal stress problem 
for nonhomogeneous materials and its quantitative evaluation. In their analysis of thermal
23
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stresses in composite laminates, Wang, L. and Wang, C. (1993) used an assumed stress 
hybrid multilayer plane element that is suitable for analyzing both thin- and thick-walled 
composite structures. Hyer and Cooper (1986) presented a linear elasticity solution for 
determining the response of composite tubes subjected to circumferential temperature 
gradients of the form AT0 + AT pos6. Their results were limited to cross-ply tubes. 
Numerical examples showed that in a single layer tube the fiber orientation strongly 
influences thermal stress response. They obtained high stresses in multilayered tubes. 
1 6 3  Summary of Therm al Stress Analysis in Thermosetting Composites
At present, limited data is available in the literature on the evaluation of the strength 
of laminated composite joints as proposed in this study. Hence, it is necessary to establish 
the strength of the heat-coupled joint under various thermal loading conditions.
24
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CHAPTER 3
EXPERIMENTAL STUDIES
3.1 Curing Process Experimentation
This chapter discusses experimental techniques developed and used to obtain 
benchmark experimental database that is used to validate the curing process heat transfer 
and thermal stress models developed and presented in the next two chapters of this 
dissertation. In this section, an experimental investigation carried out to predict the 
temperature history of the heat transfer phenomena associated with the heat activated 
coupling curing process is detailed. This experimental investigation is an extension of 
Stubblefield’s (1997) work with modifications to enhance confidence in the data to be 
obtained. In particular, measurements by Stubblefield (1997) do not adequately account 
for the two-dimensional nature of the curing process. Therefore, Stubblefield’s setup was 
modified to measure axial as well as radial variation of temperature and also residual curing 
strain in the prepreg.
Figure 3.1 depicts the experimental setup and associated equipment for the heat 
activated coupling process. The schematic shown in Fig. 3.2 is an assembly drawing of the 
experimental setup with a detailed listing of parts used in the experimentation. As shown 
in the layout, the setup consists of a data acquisition system for monitoring temperatures 
in the prepreg and pipe during experimentation. The cure cycle temperature profile is 
generated by the heat blanket by a heat drive unit through power supply to a connecting 
power cable.
25
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Figure 3.1 Experimental Setup for The Heat-Activated Coupling
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1 Data Acquisition System






8 Heat Drive Unit
Figure 3.2 Layout of Experimental Setup of Heat-Activated
Coupling
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3.1.1 Experimental Test Section For Joint Caring Process
The experimental test section used in this study is a modification of Stubblefield’s 
(1997) experimental procedure in which only radial temperature distributions during the 
curing process are measured. As in Stubblefield (1997), the experimental test section 
consisted of two composite pipes or composite and alloy pipes to be coupled with their 
adjoining ends wrapped with prepreg bonding material. However, temperature is also 
measured in the axial direction. Figure 3.3 shows a schematic of the setup with the radial 
and axial positioning of embedded thermocouples.
3.1.2 Experimental Materials and Equipment Specifications
The materials and equipment being used in this study were specified by Stubblefield 
(1997) in his study. However, some modifications are needed to accomplish the stated 
goals of this study, and are all described in the following.
Prepreg Fabric: The prepreg used consists of 1.899 g/m2 continuous roving and 0.229 
g/m2 chopped strand mat with an average resin content of 29.5% by weight. The pre-cure 
thickness of the prepreg is 1.27 mm. The resin can be cured with a 0.6°C -  2.8°C per 
minute ramp rate to 132°C or 143°C or 154°C and then held at each of the latter 
temperatures for four hours, two hours or one hour respectively.
Shrink Tape: A shrink tape is used to reduce the effect of thermal contact resistance. It 
also squeezes out excess resins and reduces void content in the prepreg wrap. The shrink 
tape used is constructed of an oriented polyester film, possesses 20% shrinkage and has an 
allowable operating temperature of 205 °C that is higher than the prepreg cure temperature 
(155°Q. Shrinkage initiates at 79 °C.
28
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Figure 3.3 Schematic of Experimental Test Section with 
Thermocouple Locations
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Heat-Drive System: The heat required to activate the curing process is supplied by a heat 
drive system. The required curing cycle is set using the heat drive control unit and then heat 
is generated by the heat blanket of the system. Temperature is monitored by thermocouples 
connected to the system. Vacuum pressure can also be monitored if required. The system 
can operate from either 110 volts AC, 60 Hertz or 220 volts AC, 50/60 Hertz. The 
components of the heat drive system are as follows: 1. Heat drive unit; 2. Heat blanket 
assembly; 3. Power cable connections; 4. Vacuum assembly; 5. Type J thermocouples. 
Data Acquisition System: During the experimentation, the temperatures are measured, 
recorded and reduced by a Macintosh data acquisition system. The temperatures are 
measured with Type K thermocouples connected to the Macintosh automatic data 
acquisition system. The accuracy of the thermocouple readings is ± 0.25°C.
The following are the components of the data acquisition system:
1. A Macintosh SE microcomputer.
2. An Omega data acquisition unit.
3. Workbench 3.1 software for input and storage of recorded readout.
3.1.3 Experimental Procedure
The manufacturing procedure for the heat-activated bonding of the thermosetting 
prepreg with the composite or alloy pipes being joined is as follows: (i) Type K 
thermocouples are attached to the surface of the two end-sections of pipe, (ii) “hand layup” 
the prepreg material around the two end-sections of the pipes while attaching type K 
thermocouples within the layers as shown in Figure 3.3, (iii) the shrink tape is wrapped 
over the prepreg, (iv) wrap parting film over the tape to protect the heat blanket, v) attach
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control thermocouple of heat drive unit to the parting film, (vi) wrap heat blanket over the 
parting film, and (vii) spirally wrap insulating material outside the heat blanket. The heat 
blanket (102 mm x 1067 mm) is constructed to conform to the contour of the pipe.
3.2 Curing Thermal Strain Experimentation
Figure 3.4 represents the experimental setup for the curing thermal strain 
experiments. The effects of curing induce residual stress of the heat-activated coupling 
were investigated by this experimentation. This stress build up is normally associated with 
the cool down phase of the cure cycle. Experiments were conducted by measuring the 
residual strains that results from the curing process. The results are used to validate the 
curing residual stress finite element model as well as determining the significance of these 
stresses when superimposed on mechanical or thermal loading while the pipe is in use.
3.2.1 Experimental Materials and Equipment Specifications
1. Micro-Measurements Strain Indicator P-3500
2. Micro-Measurements Switch and Strain Balancer SB-10 - Unit with 10 channels
3. Micro-Measurements High Temperature Foil Strain Gages WK-06-250BG-350 series
4. Insulated Strain Gage Ribbon Lead Wires
5. Titanium Silicate Reference Material
3.2.2 Experimental Procedure
The embedded strain gage technique by Daniel et al. (1971)was adapted for this 
experiment. In conducting this procedure, strain gage leads were soldered on the strain 
gage, then embedding the strain gages with the thermocouples during the hand layup 
process of the joint fabrication. The instrumented gages were inserted within the wrapped
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Figure 3.4 Thermal Strain Measurement Experimental Setup
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layers around the coupled pipe joint without adhesive and bonded with the axisymmetric 
laminate because of the curing process. The matrix resin serves to bond the gages when the 
curing process is initiated. Shown in Figure 3.5 is a schematic of the locations of the strain 
gages. The first strain gage is located at the interface of pipe and first prepreg wrap, the next 
two gages are located in between the consecutive prepreg wraps. The strain gages were 
placed in the longitudinal direction in each layer. The strain indicator and switch balancer 
were then set up using a quarter bridge circuit The output lead wire from the embedded 
strain gages were then connected to the switch and balance unit and calibrated as per 
manufacturer’s instructions. The strain gage output readings was recorded at timed intervals 
throughout the curing process.
Temperature compensation of stra in  gages: A titanium silicate reference material was 
used for temperature compensation of the strain gage. The titanium silicate was bonded 
with a similar strain gage used in the fabrication of the joint and exposed to the same cure 
cycle. From this experiment the true thermal strain in the composite is given by he 
following relation; £| = £a — £r + €̂ r ; where et is the true strain, ea the apparent
(uncorrected) strain in the composite, er the apparent strain in the titanium silicate reference 
material, and = PAT, the known thermal expansion of the reference material (where P 
is the coefficient of thermal expansion and AT is the change in temperature).
3.2.3 Residual Thermal Strain Experimental Results
Typical results of the residual thermal strain experiments are shown in Figs 3.6 
through 3.8. The strain reading at time zero corresponds to the end of soak stage when the 
cool down cycle is initiated. The maximum residual strain value that was recorded was
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Figure 3.5 Schematic of Location of Strain Gages for Curing Strain
Experiment
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Figure 3.6 Typical Residual Strains in Coraposite-to-Composite
HAC Joint
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1.36 x i a 3e when the coupling had cooled down to room temperature at the interface of the 
pipe and prepreg as shown in Fig. 3.6 for C-C couplings. The higher strains occurring at 
the interface can be attributed to the pipe acting as a restraint to the contraction of the 
shrinking prepreg as it cools. The deformations between the prepreg and the alloy pipe 
because of differences in material properties is thus anisotropic. On the other hand, minimal 
residual strains are induced in each subsequent wrap/layer of prepreg because thermal 
contraction is unrestrained as a result of similarity in interlayer fiber orientation. Figures 
3.7 and 3.8 show that residual strains on the composite side of the coupling are higher than 
on the alloy side.
3 3  Thermal Analysis Characterization o f Prepreg Material
Thermal analysis techniques are used to characterize chemical kinetics parameters 
(Arrhenius constants) and directional thermal expansion coefficients of the prepreg material 
used in the HAC process. Differential Scanning Calorimetry (DSC) tests were used to 
establish the chemical kinetics parameters based on ASTME 698, and a Thermo­
mechanical analyzer was used to obtain the directional thermal expansion coefficients. 
This analysis is pertinent, since no data was available in literature or from the 
manufacturers of the prepreg material. Furthermore, the results of the kinetics parameter 
test are to be incorporated in the curing process model, while the results of the thermal 
expansions tests are to be incorporated in the thermal stress analysis models.
3.3.1 Differential Scanning Calorimetry Experimentation
As discussed previously, energy generation (g) during the curing process results 
from polymerization reactions occurring in the epoxy matrix of the prepreg fabric. This heat
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source is accounted for in the curing process model by using an empirically derived model. 
The parameters in the model are typically obtained from differential scanning calorimetry 
experiments. Therefore, experiments are also conducted to characterize this heat source and 
to empirically obtain the parameters E, A, m and n in the autocatalytic cure kinetics 
model being used. Generally, isothermal and non-isothermal (dynamic) differential 
scanning calorimetry tests are conducted and that was the approach used in this 
investigation.
3.3.2 Experimental Materials and Equipment Specifications
The cure kinetics experiments were conducted by use of the TA Instruments 2920 
Modulated Differential Scanning Calorimeter. An argon gas purge was used for all of the 
DSC tests. All tests were performed using a standard DSC, not modulated DSC. The 
samples were placed in stainless steel DSC pans with a hermetic seal.
3.3.3 Experimental Procedure for Thermal Analysis
Dynamic Scanning Tests: Three linear heating rates of 2, 5 and 10 °C/min were chosen 
over a temperature range of 30 to 300 °C. Since the prepreg was very sticky, a DSC pan 
with a hermetic seal was chosen for each sample. A stainless steel DSC pan with an O-ring 
seal was used, as some problems have been encountered with a hermetic aluminum DSC 
pan retaining a tight seal as a thermoset sample is heated. The stainless steel pan can 
contain a much larger sample than the aluminum pan, and 60-70 mg prepreg samples were 
used which covered the entire prepreg thickness. However, the thicker samples present a 
greater chance for thermal gradients, and the DSC heat flow baseline is established more 
quickly with aluminum pans vs. stainless steel pans.
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Isothermal Tests: DSC cure conditions of 135 °C/3 hours, 145 °C/2 hours, and 155 °C/1 
hour were used as described earlier, and hermetic stainless steel sample pans were also used 
for the prepreg. For each cure test, the DSC was allowed to equilibrate at the cure 
temperature with only an empty reference pan in the sample chamber. The sample pan was 
then introduced into the chamber and the test was started when the temperature was within 
4 °C of the set point cure temperature.
33.4  Cured Epoxy/Fiberglass Composite Properties
Prepreg samples that were cured isothermally as described above were then scanned 
at 10 °C/min to determine the glass transition temperature, Tg, and residual heat of cure. 
Cured epoxy/fiberglass prepreg material prepared was also temperature scanned at 10 
°C/min to obtain the same data. These tests were performed using hermetic stainless steel 
DSC sample pans.
3 3 3  Thermo-Mechanical Analyzer Experimentation
The TA Instruments 2940 Thermo-Mechanical Analyzer (TMA) was used with a 
standard cylindrical quartz expansion probe (2.54 mm diameter). Cured composite samples 
were carefully cut with a low-speed circular diamond edge saw to produce parallel sides 
for determining the effect of fiber direction on the linear coefficient of thermal expansion 
(CTE). The CTE was measured in the following fiber directions: (a) parallel; (b) 
perpendicular; and (c) cross-ply. Cured samples for (a) and (b) were about 9-10 mm high, 
and samples for (c) were less than 2 mm thick. The TMA scans were done from 25 to 160 
°C with a linear heating rate of 5 °C/min and an argon gas sample purge. Each TMA sample 
was temperature scanned twice, and CTE data was reported on the second scan.
40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
33.6 Experimental Results
Thermal Characterization Tests: The results of the DSC scanning tests are shown in 
Tables 2- 3. A TA instrument data analysis program for DSC isothermal kinetics was used 
to analyze the isothermal cure data on the prepreg at the three temperatures. The 
experimental data was curve fitted to a two-parameter autocatalytic cure kinetics model Eq. 
(2.13). For each isotherm, cure temperature based on a DSC heat flow versus time plot and 
a degree of cure (a) range o f0.04-0.99, a plot of log [da/dt] versus log [(I - a)a<m/n>] .yielded 
m, n, and K  from Eqs. (2.9) and (2.10). For all three cure temperatures collectively, a plot 
of 1/K» da/dt verse a, yielded overall values of the activation energy of cure (£) and the 
pre-exponential factor Z. The plots mentioned above are not included in this dissertation 
but Table 2 is a summary of the results obtained in these tests.
Table 2 Summary of Autocatalytic Kinetic Parameters For E-glass\Epoxy 










n |  m k, min'1 E, 1 Log Z, m in1
133.2 54.9 1.16 0.170 0.0667 - -  |  —
143.0 54.7 1.17 0.140 I 0.120
-  1 -




1.15 0.141 |  ------- 87.1 |  10.0
Figure 3.9 shows a plot of the degree of cure versus time for the three cure temperatures. 
A comparison of the Arrhenius kinetic constants as determined by the dynamic and
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isothermal tests is shown in Table 3, and fairly good agreement is observed for the second 
exothermic event. The prepreg sample from each isothermal cure was scanned at 10 °C/min 
in the DSC for determining Tg and residual heat of cure. A sample cut from cured prepreg 
composite was also scanned at 10 °C/min in the DSC. It was noticed that the cured prepreg 
samples exhibited only one exotherm peak. The Tg and degree of cure of the cured material 
ranged from about 96-102 °C and 96-99%, respectively. Table 4 is a summary of these 
data.
Thermal Expansion Data on Cured Composite: Linear portions of TMA curves were 
analyzed to determine the CTE, and this data is summarized in Table 5. The linear CTE in 
the cross-ply direction is strongly negative before the Tg and positive after the Tg. The 
linear CTE is not much different between the parallel and perpendicular fiber directions.
Table 3 Comparison of Arrhenius Kinetic Constants For E-glass/Epoxy 





Experiment Activation Energy (E), kJ/mole Pre-Exponential Factor, m in1
E. logZ, log Z,
Dynamic
Scanning
137.1 79.0 17.1 8.78
Isothermal ------ 87.1 10.0
3.4 O ther Thermal Properties
Other thermal properties used in this investigation for the prepreg, composite, alloy 
pipe, and steel pipe are summarized in Table 6. Experimental data obtained by Stubblefield 
(1997) was empirically curve-fitted to obtain the linear dependence of the properties shown 
in the Table.
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Table 4 DSC Dynamic Scanning Data on Cared Sheet E-Glass/Epoxy Composite 

























145.6 179.6 — 94.9 —
After 135 °C 
cure
none 181.2 102.0 1.32 98.6
After 145 °C 
cure
none 178-5 99.4 1.79 98.1
After 155 °C 
cure
none 178.1 100.0 I 1.52 98.4
Laminate Cured Prepreg 1 none 196.3 95.5 1 3.52 96.3
Table 5. Second TMA Heating Scans at 5 °C/min on Cured E-Glass/Epoxy 








Linear Coefficient of Thermal Expansion (CTE), pm/m°C
Parameters




29.6 ^ | = j : : j  =
Perpendicular 9.069 117.3 28 2 |  -  |  -  |  _
Cross-ply 1.736 —  I -184 |  -30.0 || 142
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Table 6 Thermal Properties o f Materials Used
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CHAPTER 4
HEAT TRANSFER MODELS FOR HEAT-ACTIVATED 
COUPLING PROCESS
4.1 Thermal Analysis o f the Curing Process
The significance of this chapter is to present detailed models for the curing process 
of HAC and some solution algorithms for solving coupled nonlinear parabolic boundary 
value problems with chemical kinetics. Mathematical formulation of the thermal analysis 
of the curing process is presented and numerical solution algorithms used to obtain desired 
results are also discussed. This chapter concludes with a discussion of results and how they 
are validated by experimental data.
Figure 4.1 is a schematic of the pipes to be joined and Fig. 2 is a sectional view of 
the coupling design. In the discussion that follows these two figure can be reference for 
pertinent dimensions. Initially (time < 0) the temperature T, at every point inside the 
prepreg fabric and pipes is known, that is, ambient temperature. At time t = 0, the curing 
process is initiated and the surface of the prepreg is exposed to the cure cycle ramp 
temperature. It is desired to calculate the temperature inside the prepreg and pipes as a 
function of position and time and the degree of cure within the prepreg layer because of the 
temperature gradient. The law of conservation of energy for a small volume element dv 
inside the joint can be expressed as:
rate of change of net rate of energy rate of energy
energy in dv = transferred into dv + generated (or
by conduction absorbed) in dv
The principal mode of energy transfer during the heat activated curing process is
46
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Figure 4.1 Schematic o f Heat -Activated Coupled Pipes
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Figure 4.2 Sectional View of Coupling Design
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conduction through prepreg to the pipes. Some heat may also be converted in the prepreg 
due to resin flow as the laminate gels and shrinks. The unwrapped outer surface and the 
inside of the pipe are exposed to environmental effects during the curing process. Thus, the 
convection may also take place between pipes and the external environment. The thermal 
conductivity of the prepreg is not constant during the curing process because of 
polymerization and the chemical reactions occurring inside the prepreg organic matrix. 
Assuming convection due to resin flow is minimal, transient heat transfer conduction 
coupled with the kinetics of polymerization is incorporated in order to model the curing 
process of the prepreg layer. Accordingly, the law of conservation of energy takes the form 
of a heat diffusion equation which is well established and can be found in Ozisik (1993):
p 87^%r) = + i ( T )  ( 4 1 )
Ot
where the variable representations are as follows: T: temperature, r. space vector, k: the 
thermal conductivity, p : density of material, cp: specific heat at constant pressure, g. energy 
generation term and r. time. The thermal conductivity and the specific heat are temperature 
dependent. Thus the heat diffusion process of the heat coupling joint results in a set of 
nonlinear parabolic equations. In order to fully analyze the temperature variations in the 
joint during the manufacturing process, the solution cases that were considered are 
presented in Table 7.
4.2 One-Dimensional Heat Transfer in Composite-to-Composite Joint
It is assumed that in the case of coupling composite to composite, longitudinal or 
axial conduction is negligible. This can be justified if the two pipes being coupled have
48
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Table 7 Heat Transfer Cases to be Solved





1 l-D [T (r,t)] q * 0 composite-to-composite
2 2-D [T(r, t)] q * 0 composite-to-composite
3 2-D [T(r, t)] q * 0 composite-to-alloy
the same thermal properties and the pipes are considered infinitely long compared to their 
thickness. Furthermore, the prepreg fiber reinforcement (E-glass) and organic matrix 
(Epoxy) were chosen so as to have similar properties with the pipes coupled. In this case 
the general one-dimensional model for the axisymmetrically heated pipe joint in a 
cylindrical coordinate system is as follows:
\_d_ 
r dr
y dT‘k r ----
dr ** - p v * -
(4.2)
where i = 1 or 2 represents conduction in the prepreg layer or composite pipe. The energy 
generation term g, occurs only in the prepreg layer which results from polymerization and 
thus applies only when i = 1. For the case of coupling composite-to-composite pipe and 
heating the axisymmetrically wrapped prepreg laminate, the complete boundary value 
problem is given in the section that follows.
4.2.1 Simulation Boundary Condition
Initial Conditions: T, = T j  R, < r< Ra ; t = 0 where T„ is the temperature of the 
surroundings.
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Outer Boundary Surface of Prepreg: r = R,,;
This boundary condition is given by Eq. (4.3) and represents the HAC curing cycle
T =
f At + T 0 < f < r . '■*» 1
At, + T = k = constant t. < f < f,i *  1 Z.
(43)
temperature on the exposed surface of the wrapped prepreg during the manufacturing 
process. A typical curing cycle temperature recommended by the manufacturer of the 
prepreg is depicted in Figure 4.2.
The above temperature is regulated by the heat drive unit as described by 
Stubblefied et al. (1997). The cure cycle ramp stage of 2.8 °C/min, is initiated on the 
surface for tt = 48 minutes followed by a constant temperature or soak stage for one hour, 
so t, = 108 minutes. A cool down stage of -5.56 °C/min to 65.6 °C after which the heat 
drive unit is shut off is also shown as part of the cure cycle.
Interface of Prepreg and Composite Pipe with no Thermal Resistance: r = Rb for t > 0;
dT, a r ,
- r 1: Tr Ti (4.4)dr or
Inner Boundary Surface: r = R* for t > 0
As depicted in Figure 4.3, intuitively it is expected that the temperature distribution 
in the prepreg and pipe wall will be symmetrical about the centerline of the coupled pipes. 
The prepreg wrap is being heated axisymmetrically ; therefore, at the plane of symmetry 
(i.e., the centerline of the pipes) the temperature gradient is expected to be zero so that the
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Figure 4 3 . Typical Cure Cycle for HAC Process
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Figure 4.4 Expected Symmetrical Temperature History
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boundary condition is written as:
a r ,
- 1 = 0  (4.5)
or
The thermal conductivities and the specific heat o f the prepreg and pipes being joined as 
measured by Stubblefield (1997), are linear functions of temperature. Therefore these 
properties are represented respectively as follows:
k, (T)-kJ[  .0 ,7 )  '■ = 1.2
cpfT )  -  CfJ l  .  i),7) i = 1,2 ' ’
where P and r| are constants. In addition, kai and are known thermal conductivity and 
specific heat at a reference temperature Ta.
Interface of Prepreg and Composite Pipe with Thermal Resistance: r = Rb fo r  t > 0
This boundary condition is necessary at an interface of two surfaces in contact if the 
two materials are not in perfect thermal contact. The interface of the composite and prepreg 
wrapping or composite and alloy wrapping may not be in perfect thermal contact as shown:
r , - r , - c * , — !■ (4.7)
dr
where C is the interlayer thermal resistance, according to Carslaw and Jaeger (1990).
If C = 0, then the two materials are in perfect thermal contact. This case was assumed in this 
study.
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4 3  Chemical Kinetics o f Curing Process
As previously mentioned, energy generation (g) during the curing process comes 
from polymerization reactions occurring in the epoxy matrix of the prepreg. During this 
process an exothermic reaction takes place in which monomeric or oligomeric 
polyfunctional epoxide is transformed into a cross-linked macromolecular structure. It is 
important to accurately characterize this heat source in the prepreg matrix in order to 
control the heating process to obtain a uniformly cured joint with the desired physical and 
mechanical properties. The internal heat generation source term resulting from 
polymerization during the curing process can be defined as follows:
/ - P (4. 8)
where p = prepreg density; H,. = total heat of reaction of resin and a: = degree of cure. The 
degree of cure can be defined as:
“(0 =   ----- (4.9)
P  r
according to Barton (1985); where q, is the heat production per unit mass by chemical 
reactions at time t ' and the other terms are as defined in Eq. (4.8). The cure rate da /d t, is 
a time and temperature dependent function of the reacting material system and is typically 
determined empirically with isothermal differential scanning calorimetry (DSC) techniques. 
The following general expression often used in the analysis of DSC kinetic data is given 
by Barton (1985):
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^  = K m
dt (4.10)
where at a given time and temperature, K  is assumed to be of the Arrhenius form:
where Z = pre-exponential factor, E  = activation energy, and T  = absolute temperature. 
The term, f(a), is the function representing the kinetic model. According to Montserrat et 
al. (1995), the empirical kinetic model mostly applied in the curing reaction of glass/epoxy 
thermosetting composites is the two-parameter autocatalytic model (Sestak-Berggren 
equation) which was adopted for this study and given here as:
where the parameters m and n are curing reaction rate constants. The equations above 
indicate that DSC is required in order to determine all unknown constant values in Eqs. 
(4.11) and (4.12). Data obtained from the DSC testing is then used to find the most 
probable kinetic model which gives the best description of the curing reaction as well as 
allowing the calculations of reliable parameters E and Z. The above results then, when 
incorporated into the energy equation Eq. (4.2), will accurately predict the temperature 
distribution in the prepreg as well as the degree of cure within the layer during the curing 
process. Thus, using the results of the DSC thermal characterization in Chapter 3 the 
autocatalytic empirical model was incorporated into Eq. (4.2) for the thermal analysis.
K  = Z exp( -EIRT) (4.11)
y (a) = a OT( 1 -a )" (4.12)
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4.4 Two-Dimensional Heat Transfer in Composite-to-Composite or Alloy Joint
For the case of coupling composite to alloy pipes the effects of axial conduction is 
of concern because of associated nonuniform expansions or contractions which affects the 
bonding surfaces. A two-dimensional model for a pipe joint is presented in cylindrical 
coordinates as follows:
where i = 1,2 or 3 represents conduction in the prepreg layer or composite pipe. The energy 
generation term g, occurs only in the prepreg layer which results from polymerization and 
thus applies only when i = 1. For the case of coupling composite-to-composite/alloy pipe 
and heating the axisymmetrically wrapped prepreg laminate, the complete boundary value 
problem is as follows:
4.4.1 Simulation Boundary Conditions
Initial Conditions: T: = T„ R,< r<  Ra ; t = 0 where T_ is the temperature of the
surroundings.
Boundary Conditions: r = Ra This boundary condition is similar to Eq. (4.3).
Interface of Prepreg and Composite or Alloy Assuming no Thermal Resistance: r  =Rb; for
(4..20)
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Inner Boundary Surface: r = /?,; for t > 0 ; -L< z < L
ar.
—  ̂ = 0 (4.22)
or








The thermal conductivities and the specific heats are defined by Eq. (4.6) as in the one­
dimensional problem.
4.5 Solution Algorithms for Heat Transfer Models
Although there are numerous analytical solutions for thermal transport in composite 
media in literature, not much work has been done on the solution to the above mathematical 
model of the manufacturing process. The system of Eq.(4.2) for the manufacturing process 
of composite-to-composite pipes is both nonlinear and nonhomogeneous. As a result, a 
closed-form analytical solution is not easily obtainable. In addition, the boundary condition 
in Eqs.(4.3) - (4.7) is non-homogeneous which makes commonly used analytical methods 
involving various transformations techniques not adaptable as discussed by Carslaw and 
Jaeger (1990) and Kakac and Yener (1993). Therefore, finite difference computational 
models (FDM) were developed in order to solve this nonlinear partial differential equation 
(PDE). In summary, the following are the general results that are sought.
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i) 1-D Thermal profile for simulation of the manufacturing process for 
composite-to-composite couplings
ii) 2-D Thermal profile for simulation of the manufacturing process for 
composite-to-alloy couplings.
4.5.1 One-Dimensional Finite Difference Computational Models (FDCM)
The time derivative was represented by an explicit time difference formula as 
follows;
j l  - 1 ‘ ~ TJ -  (4.25)
dt At
where the notation used in Eq. (4.25) and the remainder of this section are defined as 
follows; Subscripts: i= 0* Layer, j  =jthNode ; Superscript: n = Time step increment
t = nAi = Time where A = change in variable ; T(r,t) = T* = Temperature at any
location
The spatial derivatives were evaluated at midpoints of the computational domain using 
backward and forward difference approximation:
dT
/I  *»♦ f t
V  t " Lj
\ dr Ar'j-*
(■ f)
m  f t  r r *  f t
l i  ~  Li -id T ) n
r d r ) .  ~ ri-* Ar
I d ( r d T \ n I
r  drl d r ,
r l l Y
{ d r ) r.
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Substituting these approximations into Eq. (4.2) and using the combined method as per 
Ozisik (1993) results in;
m/I * 1 ft
j  '  j
A t
(  n p A *  ( > p / l  *  {
I * ,J T>-'. 'A
rn j Vl J \  (Ar)2 ,
j -w j -y ,




( 1- 0 )
( 1- 0 )
* 8 i (4.28)
where the constant 0 (0^0$ 1) is the weight factor that represents the degree of implicitness. 
Multiplying Eq. (4.28) by the change in time (At) divided by pcp gives,
r p f l  *  1 I t  _
J ~ j
0Ar
f / . . \ 
* w + f l*  1 r r v f l  * 1
\ r i  "
f 1 , \m A  * 1 r w + f l *  I
\H  " 7 7
\





( n n\ ««  »»» 
V l - Ij
( \ m  fl m  /I
>-i" ‘j
\
Pcp (Ar)2 J +  Kj-Vtrj-Vk (Ar)2 J>
A t . n
+  S i
PCo
(4.29)
and simplifying by factoring out the thermal diffusivity multiplied by ratio of At AjAr2;
1 ( 9 ^  (Ar)2 '  C P ^  (Ar)2
(430a)
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Therefore, with unknown temperatures (i.e. those at the time level n+1) on the left hand 
side (L.H.S.) and all known temperatures on the right hand side (R.H.S), Eq. (4.29) can be 
written as:
The heat generation term, Gj“ in Eq. (4.31) is computed from Eqs. (4.8), (4.9), and (4.12) 
using the empirical kinetic model obtained. The degree of cure a  over each time step 
increment during the simulation is based on the degree of cure and the instantaneous cure 
rate at the previous time step. Thus the degree of cure at the node (j) for a time step n + 1, 
is computed using an Euler relationship:
Evaluation of Thermal Properties
In the FDM equations the thermal properties must be specified- However, since they 
are temperature dependent an extrapolation scheme based on a Taylor series expansion to
-QAT"_]1 + (1 + 2QBj)T?*1 -  0Z)7'"*1
= ( 1 - 9 ) ^ - ,
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the first order as recommended by Ozisik (1994) was used and is represented as follows:
k n-\ ^ k n + . ^-(f)* 
-(f)' , d t)
(433)
The time derivative in Eq. (4.33) is approximated by;
d T \ n
dt  J
/ \ j n  _  y / i - l
Ar
(434)
Substituting Eq. (4.34) in Eq.(4.33) results in;
k n~l = k n + ' dk_ 
, dTt
^ y /»  _  y n - l j (435)
Similarly, for the specific heat;
n - l  n I dt'p
CP ~ CP + I ( : T n -  T n l ) (436)
Since lq and c; are linear, the above equations are written for our case as;
k n-\ = k n + £ J 3( y n  _  y n - l )
< ■ '  = c , "  * c„ ti( 2— -  r — *)
(437)
Boundary Conditions: The FDM form of the boundary conditions given in the following:
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Exposed Boundary Surface of Prepreg:
*«♦! An  + Tm
At,  + T = k = constant
0 < n < r, 
r, < n < f2 (438)





fc,Ar, \ - 1
mi-1
\










Inner surface of the pipe:
At the current time level:
At a future time level:
(4.40)
2Ar
Ci = C, (4.41)
C l  = C !  (4.42)
Thus, the temperature at the inner surface can be obtained by applying the discretized heat
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conduction equation at j  = m and then eliminating and using Eqs. (4.41) and
(4.42). Therefore applying Eq. (431) to the node at the inner surface of the pipe j= m  and 
substituting for 7T,m+/ and Tm+,"+/:
-«w„ * ojr;:,' ♦ ( i ♦ 2fl*j r;-'
= (1 - 6 ) (A.  + * ( l  -2(1 - 0 ) * „ ) t :
Equation (4.31) together with the equations obtained from the boundary conditions, result 
in a tri-diagonal system of equations which can be solved by the Thomas algorithm in 
Ferziger (1981).
Stability of FDM: The Crank-Nicolson FDM scheme adopted by setting 9  — 0.5 has no 
problem with stability since it is second order accurate in time and space. Lapidus and 
Pinder (1982). As a result a time and spatial increment of At = 0.1 seconds and d r  = 0.127 
mm was used. With this value of Ar, a 90 node uniformly spaced grid was generated with 
40 nodes in the prepreg layer.
Computation Algorithm
1. Specify number of time steps and spatial increment (At and Ar).
2. Specify number of nodes in the domain and constant properties.
3. Initialize boundary conditions.
4. Calculate thermal properties (thermal conductivity and specific heat of 
prepreg and pipe) from Eq. (4.37).
5. Substitute known temperature and calculate coefficients of L.H.S. of 
discretized heat equation Eq. (4.31).
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6. Calculate coefficients of R.H.S. of discretized heat equation Eq. (4.31).
7. Solve by Thomas algorithm and iterate until convergence criterion is m et
8. Calculate degree of cure from Eq.(4.32) with known temperatures.
The above algorithm was implemented in a FORTRAN program on a digital computer with 
a Pentium microprocessor.
Thermal Properties
The thermal properties and material specifications used in this investigation for the
prepreg and composite pipe are summarized in Table 6 in Chapter 3.
4-5.2 Two Dimensional Heat Alternating Direct Implicit (ADI) Finite Difference 
Model For Transfer in Composite-to-Composite or Alloy Joint
An FDM solution is developed for the nonlinear partial differential equation (PDE)
in two dimensions coupled with chemical kinetics in this section. In order that the resulting
discretized two-dimensional model can be solved using tridiagonal matrices as in the case
of one-dimensional model for C-C, the altemating-direction implicit (ADD method of
Peaceman and Rachford as in Ferziger (1981), Lapidus and Pinder (1983), and Ozisik
(1993) is adopted to discretize the model. The ADI method employs two finite difference
equations, which are used in turn over successive time steps, each of duration At or At/2.
The authors presented ADI models for a Cartesian spacial domain with constant thermal
properties. However, the model developed here is for an axisymmetric cylindrical
coordinate system that takes into consideration the temperature dependence of the thermal
properties. The scheme requires that for the first time step, the approximation in r-direction
is written implicitly and that in z-direction explicitly leading to Eq. (4.44) below.
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rl/I ♦  1 / 2  f tv  ~ T ‘J  .  1
Ar/2















Some simplifications are necessary to get the Eq. (4.4) in a form suitable for computations:
.n̂ l/2 w /t
'V
Ar
3 ^ - 1/2,/ r i-l/2j
/  *  1 / 2  q ^ / I * l / 2 \  » /  ry»/I * 1 /2  m H ^ l / 2







7 » / i * I / 2  <j» f t  i  <t»/i * 1 /2m ~Ti .r Ai.jTi-ui (4.46)
where the coefficients A, B, and D in Eq. (4.46) can be obtained from;
A _ kj-i/2y ri-i/2j  Ar
,J 2P(cA A y  ^
£> _ r'~ii2j Ar
,J 2P(cA y r«-;
R =-IfA + D  i -  1 ^'~l/2,/ ri - W i'ki‘U2j 
‘ J~ 2 '-7 ~4 P ( c ^ , r iy
(4.47)
Ar1
and in addition E, F, and H are;
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£  htU k^i.j-in A /
^  2(pCp)i j Az2 
Atf j  i.j+U2______
U XPCpKj Az2
F  =_L(£ + h  )=■ -
2 *•' 4 (p c ^ , Az2
(4.48)
and also;
n At . n
(4.49)
Rewriting Eq. (4.46) such that unknown temperatures (i.e., those at the time level n+l ) on 
the left hand side (L.H.S.) and all known temperatures on the right hand side (R.H.S.) result 
in a tri-diagonal set of simultaneous equations;
- v r - w * < i * 2 » (x ; 1'2 -  d ^ - m
-Vw-, *G "i (4-S#)
For the second time step of ADI, the FDM approximation in z-direction is now written 
implicitly and r-direction explicitly as follows:
<p CA /
r ’tl * 1 «*/! -1/2
i.i ~T '.j _ 1
At/2
k. ri-\rLj rt-\nj
rw-ttl -  1/2 m / l * l / 2  -  1/2
i-lj ~ U .j. _ '*l</ ij
"  Ki - l / 2 j  i - I / 2 jAr2 Ar2
rwvfl+X rw+H*\ rw+ll*\ rf/l — I
i J - ' r  iJ V ' l . v .+g* '”1
(451)
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r >/t I  > * • / !  *  1 / 2  a  « x » n  *■ 1 / 2  n  < T » f l *  1 / 2  ^  <▼ »/! *  1 / 2  » y » / l  *  1 a  v v  » * / ) * !1/ ‘ r M * V w j  ‘ W h ' ^ J
r r  . j . / 1 - l  / - .H ‘ l / 2  '  ^
*H<Ji.J-x*Gi.1
where the coefficients are the same as in Eqs. (4.47) and (4.48). Similarly, when written as 
tri-diagonal system Eq. (4.52) becomes;
l  . /  I , / \ p  -v T -n - l  TT T .n - 1
n * I / 2  , ,  1/2 n  ~ / i  „ n - l / 2 (4.53)
Boundary Conditions:
The boundary conditions can be discretized in a similar manner to the C-C case and 
are not presented here for brevity. However, for time-dependent boundary conditions such 
as in this study, Eq. (4.50) gives intermediate solutions (T n+,/2)of 0 ( A t ) less accurately 
than solutions (T 0+I) of Eq. (4.53) which are OCAt2) at the end of a sweep. Thus additional 
errors will be introduced in the solution because of order differences. However, this can be 
minimized by following the recommendation by Ferziger (1981) as follows: Subtracting 
Eq.(4.53) from Eq.(4.50) gives;
rj .n- l /2 _ E i . j Xrj,n x n*I
l uj  2  * • / ' !  i . y —IJ  2  2  J
r r  n _ —,n~\n  (4.54)
i . j  frj . i l _r n*I . <•/ I./
2  '  1 2
Now, given the values of T” and Tn+I on the boundary, the values of TD+I/2, which are
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properly “synchronized” with the method, can be found.
Computation Algorithm
1. Specify number of time steps and spatial increment (At, Az, and A r ).
2. Specify number of nodes in the domain and constant properties.
3. Radial Sweep computations.
4. Check for current domain pointer (i.e. whether in alloy, prepreg, or composite pipe) and 
calculate thermal properties (thermal conductivity and specific heat of prepreg and 
pipe) as from Eq. (4.37).
5. Initialize boundary conditions and calculation time dependent boundary conditions 
from Eq. (4.54).
6. Substitute known temperature and calculate coefficients of L.H.S. of discretized heat 
equation Eq. (4.50).
7. Calculate coefficients of R.H.S. of discretized heat equation, Eq. (4.50).
8. Perform intermediate sweep by solving using Thomas algorithm.
9. Obtain the degree of cure from Eq. (4.32) with known temperatures.
10. Repeat steps 1 through 8 for axial sweep and output results.
4.6 Results and Discussion
4.6.1 Composite-to-Composite Curing Process Model Results
Figure 4 .5  represents the numerically calculated temperature history in the prepreg 
layer and composite pipe during the heat-activated coupling process. The results show the 
temperature distribution ascertained from two stages of the curing process. The first stage 
is the transient stage with an increasing temperature from the pipe wall at r = .508 mm
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towards the outer surface o f the prepreg. This is to be expected since constant gradient 
temperature is increased as discussed previously and, also, the bulk of cross-linking 
reactions are taking place in the prepreg layer during this phase of the operation. In the 
second stage, the soak or steady state stage, a uniform temperature distribution is observed 
in all layers after approximately 80 minutes. At this stage the cross-linking reactions have 
ceased and the thermal energy transport as a result of conduction is in equilibrium until the 
cool down stage is initiated. Figure 4.6 shows a variation of temperature distributions with 
location and time.
In order to validate the results obtained from the one-dimensional finite difference 
code of this study, its predicted results are compared with experimental data of Stubblefield 
(1997) and are shown in Figs. 4.7 - 4.9. The figures represent comparisons at various radial 
locations as indicated. The numerical results shown are in good agreement with the 
experimental data in the soak or steady state stage of the curing process. However, there 
is a trend of overprediction during the ramp stage of the cure, then it converges around 48 
minutes into the curing process. The FDM then underpredicts the experimental temperature 
data before it converges again with the experimental data within 20 minutes into the soak 
stage. The average percent difference between the experimental and FDM results is 4, 8.7, 
and 10%, respectively, for the three plots referenced. The deviations during the transient 
stage may be attributed to approximations to the derivative terms and empirical formulation 
of the curing kinetics in the FDM. In addition, the dissipative effects of the parting film 
and shrink tape made of an oriented polyester film were neglected and as a result also 
contribute to the errors in the FDM. The degree of cure within the prepreg epoxy matrix
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Figure 4.5 One-Dimensional FDM Curing Process Temperature History of
Prepreg and Pipe
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layer during the HAC manufacturing process is depicted in Fig. 4.10. Three distinct time 
dependent regions can be identified in the figure. The initial stage with limited reactions 
occurs when 0 < t < 25 minutes with a  remaining at the initial value set of 0.4. The second 
stage is the bulk polymerization stage when 25 < t < 75 minutes and 0.4 < a  < 0.90. Lastly, 
during the soak stage when essential there is no polymerization and the matrix is fully 
cured.
4.6.2 Composite-to-Alloy Caring Process Model Results
The predicted temperature profiles are compared with experimental data for validation in 
the Figures 4.11 and 4.12. Figure 4.11 represents axial temperature distributions at the 
interface of the pipes and first prepreg wrap R= 57.15 mm). The prepreg fabric is 1.27 mm 
thick and three layer wraps were used. The minus, zero, and plus signs illustrated in the 
legend refer to the distances from the ends of the pipes as illustrated by the Figure (4.11), 
the temperature profile is lower on the alloy side than coupled, with minus being on the 
alloy pipe side and plus on the composite pipe side. Thus, on the composite pipe side 
during the curing process. This is to be expected because the alloy pipe is a better conductor 
than the composite pipe. Therefore it cools at a faster rate than the composite pipes. Figures 
4.12 shows the radial temperature history comparisons during the curing process. In 
comparing the numerical model with the experimental results the following conclusions can 
be drawn: i) On the alloy side the numerical model underpredicts while on the composite 
the model overpredicts during the transient stage, ii) During the steady state period of the 
cure cycle the model consistently under predicts the experimental data.
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Figure 4.6 Predicted Radial Temperature Profiles in Prepreg at Various Times
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Figure 4.7 Experimental Validation of Curing Process Temperature History at
R = 57.15 mm
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Figure 4.10 Predicted Percent Degree of Cure for the Curing Process
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Transient stage underestimations may be as a result of die dominant effect in the simulation 
model of the alloy because of its higher thermal conductivity. The difference between 
predicted and experimental value may be due to computational errors from the ADI FDM 
scheme being used. The two-dimensional ADI FDM developed simulates the thermal 
characteristics of the HAC curing process and as a predictive tool it can be used for studies 
that analyzes other curing specifications that were not considered in this study. For 
example, transformation of a localized area on the alloy pipe into a heat source could be 
studied by adding a heat input boundary condition.
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Figure 4.11 Comparison o f Axial Temperature History of Prepreg Curing
Process at R= 57.15 mm
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CHAPTER 5
THERMAL STRESS ANALYSIS OF 
THE HEAT-ACTIVATED COUPLING
5.1 Thermal Stress Problem Statement
As pointed out in the literature review, residual stresses can have a significant effect 
on the mechanics and performance of composite structures by inducing warping or 
initiating matrix cracks and delaminations. The residual stress in cured laminates is caused 
by the processing history, typically the cool down cycle of the process. It is thus necessary 
to establish the state of stress due to the curing process of HAC and its effects on the 
strength of the joint. At present, the strengths of adhesive bonded joints and bolted joints 
subjected to static loads, some dynamic or thermal loads have been investigated 
analytically using FEM, BEM, and the theory of elasticity by researchers such as Nakano 
et al. (1992), Temma et al. (1994), and Long et al. (1993). A literature search on 
evaluations of the strength of heat-activated coupled joint revealed only Stubblefield’s 
(1997) three point bending experimental data. Therefore, the focus of this part of the 
dissertation was on analysis of the joint to establish its strength characteristic under thermal 
loading conditions. The analysis conducted involved consideration of the effects of the 1) 
curing stress that may arise as a result of the fabrication process of the joint, and 2) stress 
due to in-service use applications. General formulations are provided to give background 
theory as to how these stresses arise. However, a precursory approach was taken in 
obtaining solutions by using finite element modeling approach.
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5 i  Curing Thermal Stress Formulation
As discussed previously, Tsai and Hahn (1980) give the following residual stress 
model in a given ply for a symmetric laminate which will be adopted for this study:
Qy is the modulus as defined by Tsai and Hahn (1980). The strain e^ is given by;
where a, is the thermal expansion coefficient, T0 is the ambient temperature and T is the 
temperature in the ply at the end of the curing process. Also, for thin laminates as used in 
this study, the strain distribution through a laminate thickness is accurately described as a 
linear function of the laminate mid-plane strains e) and curvatures Kj, thus.
Eq.(5.1) is written in matrix form as:
Several noteworthy simplifications were made in order to generate results from the 
commercial finite element code used in obtaining results for the curing stresses.
(5.1)
(5.2)
oz Qu Ql2 Ql3 e.-ctXT-TJ
= Q2l Q-n Q a ee-a e(T-To)
° r  Q-hX Qyi Q-T,1 e r~a’r(T~T0)
(5.4)
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1) Constant instantaneous thermal expansion coefficients, i.e., = a 0 = a* = a;
2) Orthotropic dependency of material properties was neglected by using equivalent 
material properties, i) modulus of elasticity Eu = Ey, ii) shear modulus Ga = Gy, and ii) 
Poisson ratio vu = Vy where i orj = 1,2, or 3. As mentioned before, since this is a precursory 
study these assumptions will allow one to provide qualitative comparison for selected 
quantities used is this study.
5 3  Thermo-elastic Analysis For In-Service Use
Stresses and displacements can be obtained in the cured prepreg and coupled pipes 
at the joint by using three-dimensional linear elasticity approach. This approach can be used 
because the pipe joint as considered has mean radius-to-wall thickness ratios less than 10. 
For such a small ratio, through-the-thickness effects are accounted for by using the theory 
of elasticity. General overview is presented on the analytical approach that may be used to 
derive models for 1) Composite-to-composite coupled pipe; and 2) Composite-to-alloy 
coupled pipe; all in steady state thermo-elasticity.
53.1  Formulation of the Problem
As a preliminary model, the equivalent isotropic material properties of the prepreg 
laminate, composite and alloy piping are used in this study. Therefore the derivation of 
analytical solution is carried out for an isotropic material. In this derivation, existing 
general solutions in literature for the case of single layered tube, Boley and Weiner( 1980), 
and for two concentric thick walled cylinders with radial temperature dependence, Burgreen 
(1971) may be adopted and extended for the HAC pipes. These authors’ general solutions 
were for traction free boundary condition on the surfaces of the pipes. The solution method
82
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that follows also extend it to include the effects of internal pressure on the HAC joint. 
Constitutive Stress-Strain relations: With the material properties being isotropic the 
constitutive stress-strain relations are written as:
er = - [ a r -  v(oz + a e)] + a tT
t,
ee = -^[°e - v(or + az)] + a l (SS)
a , = Eez + v(ar + o0)] -  E a f
where a„ and 0CjT(i = r» 9- or z) are, respectively, the normal stress in the ith direction, the 
normal strain coefficient of thermal expansion and T is the temperature distribution in the 
pipe.
Equations of Equilibrium: According to Boley and Weiner (1980) the equations of 
equilibrium for thermo-elasticity are the same as those of isothermal elasticity since they 
are based on purely mechanical considerations. Thus the equilibrium equations to be 
satisfied are:
— —  + ------------ -----+ — _  +  2 — -  +
dr r dQ dz r
(5.7)
(5.6)
i daM da„ a  -  
 Z + l — d U  E + _ f I — ™ + R =  0 (5.8)
dr r dQ dz r
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where the body force components in the z, 0, and r directions are denoted by Z, 0 ,  and R. 
Depending on the ratio of pipe length to its outer radius (L/DJ the problem can be 
considered as either plane stress or plane strain, Gatewood (1957). The problem is one of 
plane stress if the ratio L/D„ «  1, for example a disc and the end faces are free of traction. 
However, if the ratio L/D0 is large compared to unity and if axial displacement are 
prevented, the problem is one of plane strain. For the HAC pipes, typical values of L/D„ are 
far greater than unity and axial displacement is prevented; therefore, in this analysis only 
the plane strain case was considered.
Strain-Displacement Relations: The strains are related to the displacements in the same 
manner as in isothermal elasticity since purely geometrical considerations are involved 
theses strain are given in Eq.(5.9);
where u, v, and w are the r, 0, and z  components of the displacements vector, respectively, 
in Eq. (5.9a and b).
du dw
—  ; e  = —
u 1 dv
(5.9a)r  r dQ
(5.9b)
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5.3.2 Thermal Loading Condition
hi practice, the thermal environment of the coupled pipe will depend on the 
operating conditions of the fluid inside the conduit as well as ambient conditions. Thus, this 
problem can be considered as a transient or steady state thermoelastic problem. In this 
study, the in-service state pipe material and the bonding prepreg are assumed to be isotropic 
and there are no thermal sources in the materials. Furthermore, it was assumed the 
operating conditions are such that flow in the pipe is at steady state and with outer surfaces 
exposed to ambient conditions.
53 3  Composite-to-Composite/Alloy
It’s assumed that the temperature distribution will be a function of both radial and 
axial direction, since the alloy and composite materials have different thermal 
conductivities. Therefore, a  two-dimensional formulation is required and the corresponding 
thermo-elastic problems governing relations are presented in the following.




dcr da, rz—_  +--- ^  +
dr dz
a r r ~ °  I (5.12)
r
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Strain-displacement relations: With nonzero displacements u and w, and for radial 
symmetry v = 0, thus, u then the corresponding strains are = Yte = ea = 0 and
Eq.(5.9) becomes;
du dw u
e~ =— ; e - =— * eofi=—^  dr “  dz 09 r
i f  du_ +  d w '
dz dr j
(5.13)
Boundary Conditions: Assuming there is axisymmetry and no traction at the outer surfaces 
of the coupled joint and pipes, then the boundary conditions and the conditions of 
continuity at the interfaces can be represented in the following. Considering uniform 
internal pressure and traction free outer surface:
r  = R o r  °rr,  =  - p  °r~J = 0  
r  = R o r  a rr2 =  0  = 0
(5.14)
For continuity at the interface:
r = R;: = i O ■ = tJ ■ ,i m  rn -  I rzj rzi - 1
r  =  R r  U ~ i  =  U r r i  I  W  . =  W ,  .t m  m  + l 3 3 - 1
(5.15)
5.4 Finite Element Modeling (FEM)
The versatility of the FEM for the solution of practical engineering problems was 
used to analyze the HAC joint Even though analytical solution approaches as proposed by
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Love (1944) could be pursued, it is abandoned in favor of FEM since resulting analytical 
expressions involve complicated and cumbersome mathematical expressions that are 
tedious to program and require countless man hours spent on a digital computation. The 
well-established commercial finite element analysis software, COSMOS/M, which is 
capable of handling composite material problems, was used in this analysis, hi this research 
FEM was used to developed; 1) Curing process residual stress analysis— i) Transient 
thermal analysis; and ii) Stress analysis. 2) hi service thermal stress analysis — i) Steady 
state thermal analysis; and ii) Stress analysis.
The steps used in developing the FEM model are outlined in the following. 
Discretization of domain:— The domain of the problem was first constructed using 
COSMOS/M geometry construction features. Table 8 shows the dimensions used in 
generating the equivalent COSMOS/M structural computational domain. Then a two- 
dimensional 4 node element -  PLANE2D was selected from the element library of 
COSMOS/M. This element is typically used for structural systems made of composite 
material. The domain was made up of 3980 elements with 4374 nodes. Each of its nodes 
has a two degree of freedom (d.o.f). A d.o.f is defined as the displacement or rotation of a 
node. Material Properties: The material specifications used in the FEM are given in Table 
9 for the various elements. Figure 5.1 shows an exploded view of the 0.1524 mm (6 inches) 
wide coupling region in the FEM computational domain color coded to represent the 
various materials used. The top grid layer represents the prepreg and the lower region 
represents the coupled pipes. Shown also on the lower edge are arrows depicting pressure 
boundary conditions. The diamonds represent the temperature boundary conditions.
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Table 8 Geometric Properties Used in FEM
Pipe Dimension
(m)






0.6096/pipe .1016 .00635 .00127m/wrap
Table 9 Equivalent Mechanical Properties Used in FEM












41.4 11.7 13.3 0.23
Composite Pipe 
E-glass/Epoxy
41.4 11.7 13.3 0.23
Steel Pipe 207 79 11 0.3
5.4.1 Residual Curing Stress FEM
In this analysis the prepreg was initially assumed to be at a uniform temperature that 
corresponds to the soak stage cure temperature of 154°C. At this stage the thermal strains 
were assumed to be zero as per Tsai and Hahn (1980). A cool down cycle such as in Figure
4.3 in Chapter 4 was applied at the out boundary to 67°C; at that temperature the joint was 
allowed to cool down to room temperature with the heat drive unit turned off.
5.4.2 In-Service Finite Element Analysis
Thermal Boundary Conditions: Inside pipe wall at 100°C; Coupling and outer pipe wall 
are at ambient conditions 21°C.
Mechanical Boundary conditions: This boundary condition was used for the static stress 
analysis and corresponds to Eq. (5.14), with the internal pressure (the normal stress) being 
specified as 150 psi and the traction free outer surface Eq. (5.15).
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Figure 5.1 Part View of FEM Computational Domain
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FEM Solution: The thermal problem was solved first with its associated boundary 
condition followed by input of thermal results for the static stress analysis with associated 
mechanical boundary condition as in the case of in-service performance analysis. A sample 
of the FEM executable file is found in appendix A.
5.5 Results and Discussion
Illustrative contour plots showing results of the residual curing stress analysis are 
shown in Figures 5.2 through 5.5. The results for the in service performance are shown in 
Figures 5.6 through 5.11. Only the hoop and circumferential stresses are plotted since their 
magnitudes are significant compared to the normal and shear stresses. Plotted are the 
stresses in the region of prepreg coupling of width 0.1524 mm.
55.1a Curing Stress for Composite-to-Composite joint
Figure 5.2 and 5.3 show the hoop and longitudinal(or axial) stresses respectively 
for a C-C joint. The maximum residual stress which occurs in the region around the ends 
of the wraps is -1.13 x 103 psi (-7.8 MPa). These large stresses are mainly as a result of 
concentration because the ends of the wraps are not tapered. The axial stresses in the joint 
are larger than the hoop (or circumferential) stresses. The results of this analysis can be 
used to establish the relative strength characteristics of the joint. As a qualitative example 
consider that the ultimate strength of the composite pipe is 13 ksi (89.6 MPa), then the 
maximum residual strain is about 8% of the ultimate strength. As a result, in establishing 
loading limits for this joint a  safety factor of 1.08 must be factored into all design 
considerations because of the residual stress. From the results obtained in this analysis it 
can be concluded that if one neglects the stress concentration areas then the expected
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Figure 5.2 Residual Curing Axial Stresses <rr (psi) in C
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Figure 5 3  Residual Curing Circumferential Stresses <re (psi) in C
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residual stress in the joint is minimal. Residual strains results can also be obtained from the 
FEM but are not plotted for brevity. However, the maximum predicted strains at the 
interface of pipe and prepreg was about 20% less than experimentally recorded values. 
5.5.1b Curing Stress for Composite-to-Alloy Joint
Curing Stress results for C-A are depicted in Figures 5.4 and 5.5 corresponding to 
hoop and longitudinal stresses respectively. These stresses are small in magnitude 
compared to the curing stresses in the C-C joint. The maximum longitudinal stress in C-A 
is about 2% of that of the maximum stress in the C-C.
5.5.2a In-Service Performance Stress for Composite-to-Composite Joint
Results for C-C in service performance stress analysis are shown in Figures 5.6 
through 5.8. These Figures represent the steady state temperature profile, axial stress and 
hoop stress in the coupling area. As expected, the steady state temperature dependency is 
symmetrical about the midpoint of the coupling with the internal wall being at the higher 
temperature. The temperature decreases radially outward with the outer surface of the pipe 
and prepreg joint being at set ambient conditions. This can be expected since the pipes 
being coupled have similar thermal and mechanical properties. The effects of this 
temperature distribution translates into a similar symmetrical distribution of axial and hoop 
stresses. These stresses vary from compressive on the inner wall to tensile on the outer wall. 
5.5.2b In Service Performance Stress for Composite-to-Alloy Joint
Shown in Figures 5.9 through 5.11 are the results for C-A. The respective 
representations of the figures are the same as in C-C joint above. Unlike the C-C, 
temperature and stress distributions do not exhibit symmetric behavior. This is expected
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Figure 5.5 Residual Curing Axial Stresses b,  (pa) in C -
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since the pipes being coupled have dissimilar materials properties. The inner alloy 
boundary maintains the steady state temperature of 212°F (100°C) because of its higher 
thermal conductivity. On the other hand the composite pipe side has a variable temperature 
distribution resulting from its lower thermal conductivity. The effect of this on the stresses 
is that the alloy is under tensile stress and the prepreg layer above it is under compressive 
stress. The axial stress values range from -8.94X103 to 8.23X103 psi (-61.6 to 56.7 MPa). 
The hoop stress values are even higher ranging from -8.19X103 to 1.28X104 psi (-56.5 to
88.3 MPa).
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Figure 5.6 Steady State Temperature Profile in C-C Joint
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Figure 5.7 In-Service Performance Axial Stresses - a, (psi) in C
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Figure 5.8 In-Service Performance Hoop Stresses - ce (psi) in C- C
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Figure 5.9 Steady State Temperature Profile in C-A Joint
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Figure 5.10 In-Service Performance Axial Stresses - «y (psi) in C- A Joint
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Figure 5.11 In-Service Performance Hoop Stresses - ac (psi) in C- A Joint
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6.1 Rationale For The Parametric Study
In Chapters 4 and 5, predictive methods were developed to analyze curing process 
temperature history, curing stress and in-service performance stress in the heat activated 
coupled joint for advanced composite piping systems. A parametric study and optimization 
approach of the heat-activated coupling (HAC) joint is presented in this chapter. In this 
study, the predictive methods developed in the preceding chapters are used to investigate 
the effects of processing parameters that influence the mechanical and thermal 
characteristics of the joint. The fabrication parameters that influence curing processes of 
thermosetting resin prepreg laminates include;
i) Thickness of the laminates (number of wraps);
ii) Cure cycle temperature; and
iii) Cure pressure.
The in-service application parameters that may influence the mechanical life of the joint 
are;
i) Internal pressure loading conditions,
ii) external loading conditions, and
iii) thermal boundary conditions.
Depending on the thickness of the laminate, nonuniform and high temperature 
usually occurs within the part. These effects may ultimately lead to a reduction in overall
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quality and in-service performance of the fabricated joint. The cure temperatures applied 
during the cure provide the heat required for initiating and maintaining the chemical kinetic 
reactions in the resin which cause the desired changes in molecular structure. Cure pressure 
provides the force required to squeeze excess resin out of the material, to consolidate 
individual plies, and to remove compress vapor bubbles. This pressure is constant for the 
HAC joint assembly since it is exposed to atmospheric conditions during fabrication.
To develop an HAC joint with desirable mechanical properties and appropriate 
safety factor to prevent premature joint failure a parametric investigation is needed. The 
study must take into account the various parameters. However, a good choice of the first 
two aforementioned parameters for the fabrication process can produce joints that are 
uniformly cured and well compacted with desirable mechanical and thermal properties. For 
this dissertation a study was undertaken based on the first two fabrication parameters for 
composite-to-composite HAC joint.
6.2. Thickness Effects on Temperature and Degree of Cure
The number of wraps or the thickness of the prepreg laminate will strongly 
influence the curing process. The effect of increasing the number of wraps on the 
temperature and degree of cure profiles is examined while maintaining constant cure cycle 
on the outer surface of the joint. The one-dimensional heat transfer model is used to 
generate temperature and degree of cure profiles for a four and five wrapped joint HAC 
joint. The results are then compared with that of three wraps obtained in Chapter 4. 
Predicted interfacial temperature and degree of cure profiles are illustrated in Figures 6.1 
to 6.4. Figures 6.1 through 6.3 show an increase in temperature with a decrease in number
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of wraps or thickness of the joint. This effect also shows that a decrease in number of wraps 
will lead to a reduction in overall time for the curing and the joint fabrication process. The 
degree of cure profiles in Figure 6.4 also shows that uniform cure is achieved in the 3 wrap 
at the interface of pipe and prepreg before it is reached in the 4 or 5 wrap as expected. 
These results can be used to establish optimum thickness for the HAC process in tandem 
with effects of residual curing stress that may affect strength requirements of the joint. 
63  Cure Cycle Tem perature Ramp Effects
The one-dimensional model can be used to establish appropriate cure cycle for the 
HAC process. According to Loos and Springer (1983), the cure cycle temperature must be 
selected in such a way that the following requirements applicable to our study are met:
i) the prepreg wrap is cured in the shortest possible time;
ii) the temperature at any position inside the material does not exceed 
manufacturers’ prescribed limit during the cure;
iii) the resin is cured uniformly and the degree of cure is above a specified limit 
at the end of the cure throughout the composite; and
iv) the cured composite has low void content.
In this analysis the cure ramp cycle used in Chapter 4  was doubled to 5.6°C/min, 
while the soak temperature was kept constant at 154°C. The effect of this cure cycle change 
on the temperature history and degree of cure are illustrated in figures 6.5 and 6.6. Shown 
in Figure 6.5 is the comparison o f the effect of cure cycle on temperature profile for the 
doubling the cure cycle increases the rate of cure and shortens the cure time. In this case, 
if one assumes that the prepreg should be fully cured when the degree of cure is about 95%,
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Figure 6.1 Influence of Thickness on Temperature Profiles
at R = .05715 m
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Figure 6 3  Influence of Thickness on Temperature Profiles
at R = .05969 m
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then the manufacturers’ suggested cure cycle of 2.8°C/minute when used lags behind by 
about 17 minutes.
6.4 Influence of Thickness on Residual Curing Stress
This investigation was carried out for a three and four wrap joint. Comparison of 
the results for a three and four wrap joint obtained in this study are illustrated in Figures. 
6.7 through 6.10. The results were obtained from the finite element model developed in 
Chapter 5 for a three wrap pipe joint and modified for a four wrap joint. The axial stress 
distributions are shown in Figures 6.7 and 6.8 for the r = .05715 and .05842 m respectively. 
The stress distributions are mainly compressive from the ends of the wrap and tends to be 
tensile at the interface of the ends of the coupled pipes (z = 0.6096 m). The stress 
distribution in the four wrap is slighdy greater than in the three wrap near the ends of the 
wraps. The difference may be attributed to stress concentration at the end of the wrap which 
is not tapered. It is seen that the axial stress in Figure 6.8, that is at r = .05842 m, tends to 
be an order of magnitude less than at r = .05715 m. Figures 6.9 and 6.10 represent the 
Hoop stress variation along the interface of pipe and first wrap r = .05715 m and at r = 
.05842 m. The hoop stress varies from tensile to compressive at symmetrical locations at 
the ends of the pipe. However, in the mid section (.58 - .64 m) of the coupling it is mainly 
compressive stress.
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6.6 Cured Schedule Optimization for Composite-to-Composite Heat-Activated
Coupling
At this point it can be concluded that there is minimal difference in terms of effects 
of residual stress between the three layer wrapped joint and four layer wrap. In terms of the 
effect of thickness, the three wrapped layer is desirable over the four or the five layer wrap 
since the heat conduction path is smaller and hence would cure at a faster rate as verified 
in Figure 6.5. Presently used cure cycle ramp can also be increased provided the ramp time 
is shortened so that an overshoot of manufacturers’ recommended cure temperature of the 
prepreg does not occur. The overriding question is then, what is the shortest possible time 
that can be used to cure the prepreg and still maintain the structural integrity of the joint. 
In order to answer this question, an optimization algorithm that takes into account the 
curing process parameters presented in this parametric study has to be developed, and a 
case study undertaken to provide a sound engineering judgement. This is proposed as a 
further extension of this dissertation.
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A two-dimensional experiment was developed and conducted for composite-to- 
composite and composite to alloy piping system to serve as validation data for numerical 
models. An experimental setup and database has also been developed for curing strain 
measurement to determine curing stress in the HAC joint. In addition, DSC experiments 
have been conducted to characterize the kinetics parameters o f the prepreg fabric that was 
used in this study. Thus, curing kinetics parameters for the prepreg organic matrix o f this 
study previously unknown, are now available for future studies. Also, directional 
coefficients of thermal expansion were obtained experimentally from DTA.
7.1.2 Development of Heat Transfer And Coring Simulation Models
A one-dim ensional model for the curing process o f an axisymmetrical wrapped 
prepreg laminate  used as the bonding material to join composite-to-composite pipes has 
been developed. Heat conduction in the material was coupled to the chemical kinetics 
resulting from the exothermic release of energy from polymerization reactions. The 
resulting PDE’s were cast into FDM models using the Crank-Nicolson approach. Nonlinear 
thermal properties were linearized using an extrapolation technique involving Taylor series 
expansions, and the nodal solutions were obtained using the Thomas algorithm iterative 
procedure. The predicted results from the developed FDM in this study are in good 
agreement with experimental work performed for validation o f  the model.
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A two-dimensional model has also been developed for the curing process of an 
axisymmetrical wrapped prepreg laminate used as the bonding material to join composite- 
to-composite/alloy pipes. The resulting PDE’s were cast into an alternating direction 
implicit finite difference models, and solved using the Thomas Algorithm. Thermal 
properties and exothermic chemical kinetic were handled as in the one-dimensional 
problem. The predicted temperature profiles simulate experimentally recorded data 
performed during the manufacturing process. These models were implemented in a 
FORTRAN program code on an IBM compatible microcomputer. This program presents 
a cost effective way o f analyzing the heat-activated coupled joint when processing 
parameters have to be changed, and also optimal cure schedules can be established for 
coupling of composite piping with other alloy materials other than those considered in this 
study.
7.13  Therm al Stress Analysis
A precursory thermal stress study was undertaken for analyzing the curing stress and 
in-service performance stress of HAC joint. A commercial finite element program was used 
to obtained the solutions for the curing stress and in-service performance stress. The FEM 
simulation provides a predictive tool that can be used to enhance the curing process and in- 
service performance stress. The curing stress FEM was validated with experimental data.
7.1.4 Param etric on Composite-to-Composite Coupling
A parametric study was conducted that showed the effects o f processing parameters 
such as thickness (number of wraps) and cure cycle on the temperature and degree of cure
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within the prepreg laminate of the HAC joint. The effect of thickness on curing residual 
stress was also studied using the FEA model developed. As a result of these studies 
optimum cure schedules can now be established that take into account these influences.
7.2 Recommendations
7.2.1 Heat Transfer
Influence of interface and surface adherents should be investigated to improve 
bonding at the interface. This will be highly desirable particularly for coupling of 
composites to alloys pipes. Both one- and two-dimensional numerical simulation models 
can be improved by fine tuning the computational algorithm through grid optimization. 
This can be implemented by improving the program with a mesh generation package that 
will allow for more accurate modeling of joint geometry and extended to other types of 
joints such as HAC of straight pipes and elbows. It is highly desirable to develop an 
automatic controller for heat activated coupling of composite to ahoy pipes since heat loss 
from and input to the alloy can be effectively controlled.
7.2.2 Thermal Stress Analysis
Curing Stress Experiments: The thermal strain experiments conducted in this study 
should be extended to include measuring of the circumferential strains. This can be done 
by using rosette type strain gages that can be embedded in a similar fashion as conducted 
in this study to measure angular effects of curing strains. These experiments would also be 
enhanced if a high frequency data recording instrumentation is used.
Finite Element Models: Extend steady state model into transient process model to 
investigate effects of varying heat up rates or cooling down rates on joint stresses. This is
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desirable because in a thermal varying environment the resulting stress build up may be 
significant. Further studies are required to examine the full complexity of the problem, 
including the influence of temperature upon thermal and mechanical properties of the HAC 
joint. The accuracy of the FEA model may also be enhanced by considering the orthotropic 
nature of composite materials and using actual material properties in requisite fiber 
orientation if known. Finally, experimentation to verify 2-D steady and Transient stresses 
must also be developed.
7.2.3 Coring Parametric Study and Optimization
A Parametric study should be carried out for the composite-to-alloy coupling. This 
investigation if undertaken must consider multiple heat source, one to transform the alloy 
to a heat source and the other for curing the prepreg. The degree of uniform cure within the 
prepreg in the coupling of composite-to-alloy piping will be improved by using multiple 
heat drive units. This may be implemented in two ways as supported by preliminary 
experimentation; i) effective transformation of minimal surface area near wrapped end of 
ahoy side into a heat source by preheating and maintaining it above the cure cycle 
temperature to reduce heat loss and ii) by using feedback automatic control with sensors 
to monitor the temperature on the alloy side. Cost optimization should also be factored into 
the selection of the most appropriate cure cycles.
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APPENDIX ̂
SAMPLE COSMOS/M EXECUTABLE FILE
C* SAMPLE COSMOS/M Geostar V I.75 EXECUTABLE PROGRAM 
C* Problem: RSCCF3W Date : 10-20-98 Time : 14:24:30
C* Nonexistent file : D:\Residual 
C* Undefined variable = <D>
C* FILE,D:\Residual,D:\Residual stress CC\RSCC3W.ses, 1,LL1
















































EGROUP, 1 ,PLANE2D,0,1,1,0,0,0,0,0 
RCONST, 1,1,1,2,0,0
C* SPECIFICATION OF MATERIAL PROPERTIES








MPROP,3,DENS, 9.3105E-8,C,93.05, KX,4.0126E-7,EX, 1E38 
EPROPCHANGE, 1,180,1 ,MP, 1,6 
EPROPCHANGE, 181,1320,1 ,MP,2,3 
EPROPCHANGE, 1321,3980,1 ,MP,3,4
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C* COSMOS/M Geostar V I.75





C* COSMOS/M Geostar V I.75
C* Problem : RSCCF3W Date : 10-20-98 Time : 14:33:49
IMAGESAV,D:\Residual stress CORSC3WSZ 
IMAGESAV,D:\Residual stress CORSC3WSZ 
C*
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